Abstract In this paper, the dielectric properties of CO2, CO2/air, CO2/O2, CO2/N2, CO2/CF4, CO2/CH4, CO2/He, CO2/H2, CO2/NH3 and CO2/CO were investigated based on the Boltzmann equation analysis, in which the reduced critical electric field strength (E/N )cr of the gases was derived from the calculated electron energy distribution function (EEDF) by solving the Boltzmann transport equation. In this work, it should be noted that the fundamental data were carefully selected by the published experimental results and calculations to ensure the validity of the calculation. The results indicate that if He, H2, N2 and CH4, in which there are high ionization coefficients or a lack of attachment reactions, are added into CO2, the dielectric properties will decrease. On the other hand, air, O2, NH3 and CF4 (ranked in terms of (E/N )cr value in increasing order) have the potential to improve the dielectric property of CO2 at room temperature.
Introduction
Sulfur hexafluoride (SF 6 ) is widely used in HVCB due to its high insulation strength and high faultcurrent interruption capability. However, SF 6 has an extremely-high global warming potential (GWP) which is 24000 times greater than that of CO 2 per unit mass, and is regulated as a greenhouse gas following the 3rd Conference of the Parties to the United Nations Framework Convention on Climate Change (COP3) [1, 2] . In addition, its life-cycle management is also a challenge for utility and industrial users, and the cost of complying with the regulations can be substantial, particularly for decommissioning aging substations [3] .
In recent years there have been intense efforts to find an environmentally-friendly gas or gas mixture to replace SF 6 , mainly focusing on the mixtures of SF 6 with CF 4 [4] , C 3 F 8 [5] , CF 3 I [6] and N 2 O [7] , as well as on the pure gases such as N 2 and CO 2 . Attention has been paid to CO 2 for its relatively good interruption performance and much lower GWP than SF 6 . Stoller [8] investigated CO 2 as an arc interruption medium in gas circuit breakers. The results indicate that the interruption performance of CO 2 is inferior to that of SF 6 , but clearly better than that of O 2 . Wang [9] gave the fundamental properties of high-temperature SF 6 mixed with CO 2 as a replacement for SF 6 in HVCBs. Tanaka compared the thermodynamic and transport properties of CO 2 , CO 2 /O 2 , and CO 2 /H 2 mixtures at temperatures of 300 K to 30,000 K and pressures of 0.1 MPa to 10 MPa [10] . Additionally, the ABB company has already developed a high-voltage circuit breaker, the LTA 72D1, using CO 2 as the insulating and arc extinguishing medium [11] .
However, since the dielectric property of CO 2 is not as good as that of SF 6 , there is a limit of enhancing the operating voltage in the practical CO 2 circuit breakers. For example, the rated voltage of the LTA 72D1 cir- cuit breaker is 72.5 kV. The objective of this work is to search for CO 2 based mixtures to further improve the dielectric property of CO 2 gas. Currently the investigation is focused on some of the popular gases which have a good potential to improve the dielectric property.
In this paper, the dielectric properties of CO 2 , CO 2 /air, CO 2 /O 2 , CO 2 /N 2 , CO 2 /CF 4 , CO 2 /CH 4 , CO 2 /He, CO 2 /H 2 , CO 2 /NH 3 and CO 2 /CO were investigated based on the Boltzmann equation analysis. To solve the EEDF based on the Boltzmann equation, the fundamental data of the electron scattering cross sections of each species are essential. Actually, there are lots of cross section sets in recent years by different researchers. However, it is shown that there is a large discrepancy between different sources of data and the necessity to verify the cross-section sets before using them in modelling [12] . In this paper, the selection of the data sources are introduced and then the calculated results for several of the pure gases above were validated by the published experimental results and calculations at room temperature. The ionization coefficients α and attachment coefficients η of the gases were derived from the (EEDF). Finally, the (E/N ) cr , where N is the total number density, is obtained when a balance is reached between α and η.
2 Calculation method and fundamental data 2.1 Calculation method a. Determination of the EEDF. The EEDF was derived from the two-term approximation of the Boltzmann transport equation using the BOLSIG+ [13] . In this paper, the interactions, including momentum transfer, vibration excitation, electron excitation, ionization, and attachment collision, between electrons and neutral species are taken into account in the Boltzmann equation.
b. Determination of the reduced critical electrical breakdown field (E/N ) cr .
The formation of an electron avalanche is determined by the balance of the generation and loss processes of electrons, and requires that the effective ionization coefficient (α-η) is greater than zero [14] . Electron impact ionization contributes to the generation of electrons while electron attachment contributes to the loss of electrons. The critical electrical breakdown field is obtained when a balance is reached between α and η.
Fundamental data
The interactions, including momentum transfer, vibration excitation, electron excitation, ionization, and attachment collision, between electrons and all the neutral species in the Boltzmann equation require the basic data of these cross sections. It is essential to select and validate the cross section sets by experiments. For example, Pitchford mentioned a GEC Plasma Data Exchange Project [15] to make intercomparisons of the datasets and to show which datasets are most consistent with measured transport and rate coefficients and/or with measured cross sections.
The cross-section sets were selected carefully in this work. Some of the sets, such as those for H 2 , CH 4 , have already been validated by this GEC Plasma Data Exchange Project. The sets for He are based on Alves work [16] , in which the comparisons were made on the sets of electron-neutral scattering cross sections and swarm parameters in noble gas helium. The sets for CO 2 , N 2 , O 2 , which are from the data base www.lxcat.net, are validated by the comparisons between our calculation and the previous experimental data. For the cross section sets for CO, although there is no experimental data for comparison yet, the validity was confirmed in our previous work [17] by comparing with the results by Stroller [8] . As to CF 4 , the cross section sets are from Kurihara et al [12] .
Calculation results
This calculation focused on the dielectric properties of the CO 2 and CO 2 based mixtures at room temperature (300 K). Although the critical electrical breakdown field in CO 2 and CO 2 based mixtures is at the range of 50-150 Td (1 Td=1×10 −21 V·m 2 ), the E/N value in this calculation was in the range from 50 Td to 1000 Td considering the comparisons with the experimental results. The mixing ratio of the CO 2 based mixtures covered the range from 100% CO 2 to 0% CO 2 .
Comparisons between our calculation and the previous data
The cross section sets for CO 2 , O 2 and N 2 are retrieved from the database [9] and validated by the comparisons between our calculation and the previous experimental data. Fig. 1 shows a comparison between the calculated and the measured values of α/N of CO 2 at room temperature. It indicates that the calculated values of the reduced ionization coefficients of CO 2 at room temperature agree better with the measurements by Davies [18] , compared with those by Alger and Rees [19] , Conti and Williams' [20] , and Risbud and Naidu [21] . Fig. 2 shows the calculated values of η/N of CO 2 at room temperature, compared with the measurements by Davies [18] and Alger and Rees [19] , and the calculations by Davies [18] and Kucukarpaci [22] , and Hake [23] . Fig. 3 gives the calculated values of α/N and η/N in O 2 compared with those measured by Price [24] and Lawton [25] and calculated by Lawton [25] . Fig. 4 gives the calculated values of α/N in N 2 compared with those measured by Folkard et al. [26] and by Daniel et al [27] . During the calculation, it was found that in CO 2 , O 2 and N 2 above, even if there is deviation in the cross section data, most of the sets lead to a good agreement with the experimental results. On the contrary, in the CF 4 gas, there is a large discrepancy between different sources of data. After the intercomparisons, the cross section sets by Kurihara et al. [12] were used in the calculation. Fig. 5 shows the comparison between our calculation with the calculation by Kurihara et al. [12] and those from the compilation by Christophorou et al [28] . The results confirm the validity of the set by Kurihara and thus it was decided that this set was to be adopted in the current calculation. 
Mean electron energy varying with
the different mixtures Table 1 shows the mean electron energy in different gases at the E/N value of 100 Td. If the electron energy is low, it will benefit the dielectric property because it will be more difficult for the ionization reaction. It can be seen in Table 1 that, when mixed with CO, N 2 and air, the electron energy in CO 2 will decrease. It is because of CO and N 2 , which have larger vibration excitation cross sections than CO 2 , that the electron energy will be effectively decreased by the vibration excitation reaction. It should be noted that the deceleration by CO is so effective that the mean energy in CO 2 /CO is only 2/3 of that in pure CO 2 . In CO 2 /NH 3 , the mean energy is similar to that in pure CO 2 , which indicates the NH 3 has a limited effect on the mean energy in this case. On the other hand, in CO 2 /O 2 , CO 2 /CH 4 , CO 2 /CF 4 and CO 2 /H 2 , the electron energy will increase because these mixtures have smaller vibration cross sections than the pure CO 2 . It should also be noted that in CO 2 /He the mean energy is very high. This is because He is monatomic with no vibration cross sections and it is unable to effectively decrease the energy through the electron excitation reaction. 
α and η in different mixtures
In this section both the ionization and attachment coefficients in different mixtures are discussed. Fig. 6 presents the ionization coefficients varying with E/N in different gases with the mixing ratios of 1:1. Table 2 gives the ionization potentials of different gases. The influence on the ionization reaction is very complicated, and the two most important factors are the electron energy and ionization potential, respectively. The electrons with low energy will decrease the ionization coefficient while the species with a high ionization potential will make the ionization reaction more difficult. From  Fig. 6 it can be seen that the CO 2 /He has the highest value of α, and it is due to the high electron energy in CO 2 /He. Although He possesses the highest ionization potential, the electron energy in CO 2 /He is too high as it is discussed in the previous section. Then CO 2 /CH 4 and CO 2 /H 2 have the second highest values. Table 1 illustrates that the electron energy in CO 2 /CH 4 is lower than that in CO 2 /H 2 . Therefore, the CO 2 /CH 4 has the slightly higher α mainly due to its much lower ionization potential than H 2 , as shown in Table 2 . CO 2 /O 2 and CO 2 /NH 3 have higher values of α than CO 2 caused by their lower ionization potential because the electron energies in CO 2 /O 2 and CO 2 /NH 3 are similar to that in pure CO 2 . For CO 2 /CF 4 , it has the similar value of α with pure CO 2 . As to CO 2 /N 2 and CO 2 /CO, since the electron energies in these two gases are much lower than that in CO 2 and the ionization potentials of CO and N 2 are both higher than CO 2 , these two gases have the lowest ionization coefficient values. Fig . 7 shows the attachment coefficients η varying with E/N in different gases with the mixing ratios of 1:1. Knowing that the attachment cross section is the most important influence on the η, Fig. 8 , which is the attachment cross sections in CO 2 , O 2 , CH 4 , NH 3 and CF 4 , is given for better understanding. In Fig. 7 it indicates that by mixing O 2 , NH 3 and CF 4 into CO 2 , the η will be effectively increased thanks to the much higher attachment cross sections in these three gases, as it is shown in Fig. 8 . In CO 2 /CH 4 , CO 2 /H 2 , and CO 2 /He, since there is a lower attachment cross section or even no attachment cross section, generally the η will decrease compared with that in pure CO 2 . In CO 2 /N 2 and CO 2 /CO, as there is no attachment cross section in CO and N 2 , the η will also decrease for certain. Additionally, the electron energies in these two gases are much lower, which will restrain all the reactions, including the attachment reactions, leading to the much lower attachment coefficients in these two gases. 3.4 (E/N ) cr value varying with the mixing ratios Fig. 9 shows the reduced critical electric field strength (E/N ) cr varying as a function of the CO 2 ra-tio in different gases. The horizontal solid line indicates the (E/N ) cr value of pure CO 2 , which is around 85 Td. It can be seen that by adding H 2 and He into the pure CO 2 , the (E/N ) cr value will decrease rapidly and reach a very low value (around 50 Td) when the ratio is 50%. One reason is that both H 2 and He will increase the electron energy and thus increase the ionization coefficients; the other reason is due to the lack of attachment cross section in these two gases. In CO 2 /CH 4 , when the ratio of CO 2 is higher than 50%, the (E/N ) cr value shows a weak dependence on the mixing ratio. At the mixing ratio of 1:1, the (E/N ) cr value in CO 2 /CH 4 is about 80 Td (94% of the pure CO 2 ). However, in the pure CH 4 , the (E/N ) cr value is only 70% of the pure CO 2 . This is mainly due to the higher ionization coefficient in CH 4 compared to that in CO 2 . In CO 2 /N 2 , when the ratio of CO 2 is higher than 62%, the (E/N ) cr value in this mixture is slightly higher than that in pure CO 2 . This is because N 2 can decease the ionization and attachment coefficient at the same time. When the ratio of N 2 is higher than 38%, its effect on decreasing the attachment coefficient becomes dominant and the (E/N ) cr value drops to a very low value at the mixing ratio of 4:1. Therefore, it can be concluded that He, H 2 , N 2 and CH 4 , are not recommended to improve the dielectric property at room temperature. Similar to N 2 , CO decreases the ionization coefficient as well as the attachment coefficient. However, CO can decrease the ionization coefficient drastically as it is shown in Fig. 7 and thus this effect is dominant. By adding 45% CO, the (E/N ) cr value will reach the highest value of 96 Td. In CO 2 /O 2 , CO 2 /air, CO 2 /NH 3 and CO 2 /CF 4 , the (E/N ) cr value keeps increasing with the decreasing ratio of the CO 2 . This is mainly due to the much larger attachment cross section in these gases. The mixtures were ranked in terms of the (E/N ) cr value as follows, in increasing order: CO 2 /air, CO 2 /O 2 , CO 2 /NH 3 and CO 2 /CF 4 . Therefore, the four gases have the best potentials to improve the dielectric property of CO 2 at room temperature.
Conclusion
In this paper, the dielectric properties of CO 2 , CO 2 /air, CO 2 /O 2 , CO 2 /N 2 , CO 2 /CF 4 , CO 2 /CH 4 , CO 2 /He, CO 2 /H 2 , CO 2 /NH 3 and CO 2 /CO were investigated based on the Boltzmann equation analysis. In this paper, we stress the point that the fundamental data for this calculation should be carefully selected because there is a large discrepancy between different sources of data. After the intercomparisons, the cross section sets are determined and the validity is confirmed by making comparisons with the measured results. The ionization coefficients and attachment coefficients of the gases are derived from the (EEDF). Finally, the (E/N ) cr is obtained when a balance is reached between ionization coefficients and attachment coefficients.
The results indicates that He, H 2 , N 2 and CH 4 , are not recommended to improve the dielectric property at room temperature, due to the high ionization coefficients or the lack of attachment reactions in these gases. CO has the potential to improve the dielectric property but the ratio should be carefully decided since CO also has a lack of attachment cross section and too much CO will inversely decrease the dielectric property. In CO 2 /O 2 , CO 2 /air, CO 2 /NH 3 and CO 2 /CF 4 , the (E/N ) cr value keeps increasing with the decreasing ratio of the CO 2 . The mixtures were ranked in terms of the (E/N ) cr value as follows, in increasing order: CO 2 /air, CO 2 /O 2 , CO 2 /NH 3 and CO 2 /CF 4 . Therefore, the four gases have the best potentials to improve the dielectric property of CO 2 at room temperature. It should be noted that the selection of the gas medium in the circuit breaker does not merely depend on the dielectric property at room temperature. The arc interruption performance of these mixtures should be investigated in the future work.
